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The present paper describes a device 
whereby rapid flame movement within an 
internal-combustion engine cylinder may 
be recorded and determined. By the aid 
of a simple cylindrical contact and an 
O'Scillograph the rate of combustion 
within the cylinder of an airplane en- 
gine during its normal operation may be 
measured for gas intake velocities of 
from 30 to 35 m/s and for velocities with- 
in the cylinder of from 20 to 25 m/s. 
With it the influence of mixture ratios, 
of turbulence, of compression ra.tio and 
kind of fuel on combustion velocity may be 
determined. Besides the determination of 
the influence of the above factors on com- 
bustion velocity, the degree of turbulence 
may also be estimated. As a unit of ref- 
erence in estimating the degree of turbu- 
lence, the intake velocity of the charge 
is chosen. 

The combustion of gases or of power fuels is so im« 
portant for the entire technic that the problem of just 
how the burning proceeds has often been attacked. While 
the combustion processes under atmospheric conditions may 
be taken as fa^irly well understood (Passauer) , the proc- 
esses occurring within the cylinder of an internal com- 
bustion engine still remain to a large extent unknown, 
although the theory of chain reactions has thrown much 
light on many of the phenomena observed, Th'e principal 
difficulties met with in either experimental or theoret- 
ical studies of the problems raised by the engine lie in 
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estimating the influence of the many undetermined factors 
introduced, "by.. the engine itself while in actual operation. 
Along with the* thermal and chemical characteristics of the 
fuel mixtures. a.s autoignition temperature, specific hep.t, 
heat conductivity-, reaction rate and heat of comtustion, 
there are also the effects to "be taken into account of in** 
take temperature and pressure, mixture ratio, compression 
ratio, engine speed, ratio of piston arms, form of comhus- 
tion chamher,. position. of ignition, degree of turhulence 
present, cooling system - all of which play important 
roles. Although these factors may not he of equal impor- 
tance, it is very difficult in any study of the engine's 
problems to determine which of the factors are of ma.jor, 
which of minor importance on comtustion processes. 

The experimental side of the investigation is ren- 
dered especially difficult owing to the high velocity of 
explosive reaction proqesses. There are engines in prac- 
tical use in which the- entire work cycle, involving charg- 
ing, compression, ignition, turning, expansion and dis- 
charge ,^o.f "burned product's, all occur within 0,01 second. 
Due to 'this short" interval it is difficult indeed to dif- 
ferentiate, study and measure with some degree of preci- 
sion and satisfaction the processes of combustion. 

In order to clear up soiae of the obscure points, the 
D.T.L. (Dev-tsche Ver such sans t alt fur Luftfahrt) have de- 
veloped an electrical recording and measuring device that 
permits in a simple way the determination of combustion v 
velocities of fuel-air mixtures within the cylinder of a 
normally working airplane engine, 3y the term "combustion 
velocity," as here used is- meant the total combustion ve-* 
locity which is made up of the transfer of activating en- 
ergy, the localized temperature rise connected with the 
rate of molecular transformation, which is in part made 
up of the turbulence (mass movement) of the reacting gases 
The average rate at which these processes, as indicated by 
the flame front in passing from one end of the combustion 
chenber to the other, is here termed the combustion ver- 
locity. Along with the determination of this total com-^ 
bustion velocity, necessary for an estimate of the rela- 
tion between heat and work of the engine, there has also 
been determined the relation of this velocity to mixture 
ratio, engine speed, degree of turbulence, compression 
ratio and quality of fuel. 
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. P'r. 0 V i ou s. . i n V 0 s.t i g a t i p^ii a , Am o a g the . numaroiis inre s- 
^tigatlons' thali.have be'e'n 'carri ed out ' wi th " a view to .de*r . 
ter^Aine . tHe .rat e ,.of combustion and to gain .further . knowl- 
e!d-g:e of ';.tit*e .^processes involved in a.-vrorking engine, the 
work, of - the fplXowing 'investigator e5 . should be g specially 
mentioned:\, Mallard and . Le Chat elier .Dixon .Nagel , Neu- 
mann, Cler]^,-.;.Hopkins-6n,.*lTusselt , .Herz.feld, .Stevens,. Hi- ;. 
cardo, "Klusener, Maxwell and Wheeler, Endres, Janeway' and 
.Lindner,. (See ..Bibliography , page .15 •)... iJost. of these in- 
vestigators, have confined their studies, 'whether ..experir 
mental. Vo.r theoretical * .to the reaction ..as it occurs in 
closed bombs, , For Denzine-benzol-air .mixtures, the lower 
value .of about 2 .m/s ..had. .been ..pbt.ained. After Clerk t and 
Hopkinson had called .attention 'to . the e'ffect of turbu- 
le.iiice. on. the rate of burning, experiment s .were carried out 
in closed bom'&.s provided with rotating fans to .'simulate as 
closely as possible the turbulence' occurring in the cylin*- 
der of . a working .engine • By the. use . of . indicator diagrams, 
by samples of t'he engine !.s working fluid withdrawn during 
its operation *and chemically analyzed, it.!was found that 
these results did not agree with velocities occurring in 
the working engine • furthermore, the results ^obtained by 
different .observers," working with closed bombs .and rotat- 
ing fans varied .-.so! greaetly -as not. to be comparableo' Eve.n 
successive results with the same fuel, bomb and observer 
showed similar variations. . 

A later mode of inve stigating, combust ipn velocity,, In 
engine cylinders, introduc-ed by Eicardo, .makes use of 
strobpscopic methods. Ihe method is applicable only to 
e.xperimental engines provided . with windows easily fouled 
by soot. Besides, the progressive appearance of light at 
the windows depends for its registry. on the observer's 
eye., so that, owing to unavoidable light diffusion through- 
out the .cylinder, errors in registration could easily oc- 
cur. • 

Experimental ifer ocedure.r* In tho present investigation 
the electrical devi ce ,. referred to above, was " employed. 
With, this device it. was possible to follow the spread of 
the flame ..through . the cylinder. . The 'principle underlying 
the .use . of • the apparatus is the well-known . one that a. 
flame is a good conductor. The electrical potential 
aQ^;oss. thQ. electrodes of an.^ir gap. produces a current' 
whqn 'connected, by a flame goh^Luptpr. ' This * fact, was 'made 
use of to deflect the recording beam in an oscillograph. 
Investigations concerning the conductivity of an air gap 
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ionized by flames were carried out as early as 1857, by 
W., Hankel.' He- found; a- close relation, to exist.'. between 
flame.- temperature ■ and; conductivity-, and between'- size of " 
terminals and their condition of incandescence. In' spite 
of mupla further.; investigation of the phenomenon th6 .phys** 
ical principles "underlying- it still remain obscure* The 
opinion is; t^iat ithe conductivity is effected by ionSj 
without knpwing.-whether thd:. ionization result s* from, chem- 
ical action, or is" purely aV'thermal charaqteri stic« 

... A number of measuring." electrodes were inserted 'in the 
cylinder • head 'of the ' engine • The instant at which a flame 
filled th^:gap between the electrodes of a measuring plug 
was photographically recorded. by the displacement of • the 
oscillograph. beam^ By accurately measuring the distance 
between the ga.ps of the different plugs it is easy to de- 
termine the period occupied by the flame- in passing from 
the- ignition gap -to each of " the -'other .plugs; 



These nieasur ement s were made with a six-record oiscil- 
lograph made .by Siemens, and Halske, Berlin. ' figure 1 ' 
shows the ■ ignition chamber of an air-cooled cylinder of 
the '.Siemens .and .Halske Sh l-3 .airplane .eiigine used -in' this 
inves.tigation: a is the ignition plug; b, c and d are 
the. mqasuring plugs placed in line along the .diameter of 
the head. . The flame originating at the ignition gap aj 
pa,sses ■ successively, in its spread through the cylinder, 
the gaps b, c and d • of the measuring plugs. The instant 
of its arrival at each gap . is recorded by the oscillogi^aph. 
From this record the rate of di spTacement ■ of the fla.me 
f r-,ont /and. the combustion velocity may . be determined.. . 

Figure 2 is a reproduction of an oscillogram so se- 
cured. The instant of ignition and the arrival of the 

•frame at each measuring gap is indicated in .the oscillo- 
gram by a devijation in its light trace. -The first de- 
flection a, is the beginning of the flame spread at. the 
point of ignition; the second, third and fourth deflec- 
tions .b^ c, d' register the instant of the flame's arriv- 
al at the other measuring gaps. The record .shows plainly 
the spread of the flame front over the course marked by 

. the. measuring plugs. The distance between the recorded 
deflecti.ons on-the-record indicates, in reference to the 
time 'record e^- .the .period occupied by the flame front 
in passing, from 'th-8 point of ignition to any particular 
measurin.g 'gap. ■ All -these records are simultaneously, ac- 
Gompani-e.d .'by. the time record of a .calibrated tuning fork 
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shown bn the line • e". Since "bbth. the distance traversed 
by the^flame and- the tiine occupied in its passing are re- 
corded- on the ' gram, then hy 4iyi sion_of the length hy the 
•time and'the. assumption of "uniform rectilinear displace-' 
ment, ' there * i s obtained the comtustion velocity. 

The minute deflections; not indicated "by letters, on 
the line's c and d^ aire induction effects..due to the ig-- 
nitioh current, ■ The^ge , i'ecords^may , "be made-moire prominent 
or he made to disappear- entireiy, as in the case , of line ' 
h, hy changing the position of ; the ignition enable . ; It 
will be noticed that their position oi the . film " record is 
na.turaily perpendicular to the ignition recor'd on a. 

In making the records here offered those obtainable 
at the point s ' b' an(i c were neglected and only those used 
between the point of . ignition and d, at the further eild 
of the cylinder head. The distance betweeri' these ; two 
•points was 130 mm (5.1 in,). Figure 3 shows two oscillo- . 
grams • obtained over this distance. 

Three different forms of set-up were ' experimented 
with in making the se measurement s , The last and^- simple st 
arrangement, with which practically all ' of 'the work was ' 
done is shown in Figure 4 with the exception of the oscil- 
lograph* Besides the oscillograph there was also employed 
one R.S, 134 radio tube, a thermal battery of 4 volts, an 
anode battery of 200 volts, a resistance of about 40,000 Q 
and a measuring electrode ' (spark plug) • Since measuring . 
electrodes' may easily be obtained anywhere , the combus*- 
tion- processes may be investigated with this arrangement 
on any engine desired."' * * . 

Figure' 5 shows the first arrangement and wiring scheme 
used. In this arrangement,, the current supplying the cir- 
CTlit involving the gaf) ionized by \the flame, was obtained 
from a short-circuited generator. The current set up in 
this circuit when the gap is closed by the ionizing flame 
was stepped up by a three-coil transformer so as to be 
* strong; enough to be recorded sharply by the oscillograph 0. 

• Figure 6 shows' 'two oscillograms obtained by this ar- 
rangement. As may "be seen in the figure, the ionization 
current across the gap has still imposed upon it the im- 
press of an alternating ctirrent. This prevents a satis- 
factory record of* the fiaiie^s arrival at 3, For this 
reason the connections shown in Figure 7 were developed. 
Figures-2 and 3 show oscillograms obtained with this ar- 
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rangement. These figures show a sharply defined devia- 
tion-on the. arrival of the flame "at the gap.- B.; How since 
the reoord^of the ignition spark.:. A/ is also sharply. 
marked, ,it .is possible to determine, with... accuracy ;the di s-* 
tance AB and., from it find the mean; coimbustioiirveloci t.y ■ 
between tlgiese points. In thi s simplified -arrangement -'on- 
ly one radio tube is required* When the gap J, is ion- 
iaed -by the arrival of .':the ■;fdg,me.>f ront*;*: :the 'battery-.':cir-- 
G'Uit ... B, :-i s closed .and. acres s... the -re s^ stance, of ^. the 
ti.ce .of -.the. tube, . a fall of .potential ..takes -placer i:This.. 
chatrtges . the initial potential -iol . the v tube H lattice and ; - 
al^cj. the.'.'anode ^current . . The anodd:- c'i;itrrtfnt ;'Wi;l.l.«.a;gai.n be ■.' 
nd:rina;ll:y\re.c6rded when.:its .:trace .r.r aturns; ^td -its vpoiht SmI 
of rest,..:" t-: : y : l^r^^ J. . . -.f T . : 

• j.The . above .-.scheme tinay eTen bevf-urther - simj^Iified by 
■doing, away with " the ' battery vrthe ammeter . '-in .v the fr.anode 

circuit , " the compen sat i on bat:te.ry ..aiid C'ompensatxdn.-.resi st*- 
ance.- Figure 8 -shows thi s ■.fiirthe* simplified . .errangemeht-» 
In making ; the - final • adjustmeniig .in t.hi^ arrsDngement j. . it- 
is convenient to use temporarily an ammeter in 'the anode 
circuit. It was with this last arrangement that the pres- 
ent inve stigatiott -..was largely .^cari;ied;:o.TA^ It was...used 
also in- studies :.made."': of , l^knocking!'^.::- .tendencies in. -.fuels 
and in .:e st'imation of :co,mbustion •;;t;emper.atu:re s in.*.the; work- 
ing engine . • The ■ device i s p:r act ic ally .'fraei from :inertia, 

,. The .magnitu.de -of .:the. current ^passing the.: igni tion • • 
gap and it s relation, to the gap J. s .It empefiaturev ^ has been 
investigated . by : Lusby, . Aavmay '• be • ae^n .'-iby re:f:erring t.o . 
Figure. 9 i at •about.-l'gOO^C ^ / f Lame temp:drature:v .. a. current ; : 
of 5|I:X .10"®. A* was. -flowing. At '.about 20G.O?0 a* current . 
of about 1900 X 10""^ A was passing.. -These magnitud,e:s in 
current strength varying with temperature, permit, by 
suitable ".adjustment s : in* the apparatus, vto arrive at' ap- 
■ •proximate, es.tima-te s of • combusti on temperatures, . .In Eig-^- 
Tire G an abrupt flattening of the ".ionization, current rec- 
ord at d . may -po ssibly be due- to temperature change, re^ 
suiting from turbulence ^ .' It i^. not yet possible > - due to 
di sturbing influences of -.maxLy ..undetermined factors , to ■ de- 
termine by this me a,n s ;t.he ' true temperature ; yet it is.pos- 
sible in many cases to arrive at approxima,te estimates 
of temperatures affecting the ^conductivity . of the* ioniz- 
ation. .gap ^ .-■ . • • 'V -A . ^ ' 

A:Somewhat modified Bosch'.. spark. :plug..'ahd a.-measuring 
e 1 e c t r 6 d e • d f 5 mm ' d i am e t e r • ( f i* g * . - 4 ). ha v e p r o v e d ; . v. e ry.. : . s a t - 
i sf ac t dry ■ . a s . ioni z at i on .::gaP'.s . ... ;;That •: one: t erminal . -of '.-tthe \. 
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.gap must "be earthed tecause .only the 'middle conductor ^is 
..insulated, is of no effect upon thei oscillogram records* 
As a source of ignition current, a 3osch magnet generator 
driven by a motor \7a.s uped» 

* 

In carrying ■. put measurement s as here described, it is 
necessary to h^ve the instaiit' of .ignition slxaipply record- 
ed. In the preliminary -trials made, the oscillograph was 
connected up witii the ; primary . current of the transformer 
in order that the interruption in this low^pptential cur- 
rent might be recorded^ 5;his arrangement was found iinsat-* 
isfactory* A trial., was . then made to use the high voltage 
current direct from the ignition plug, A specially made 
double pole plug was used fot this purpose; but this was 
soon found to cause ignition from its incandescent temper- 
ature. Finally, a Liliput plug completely insulated, from 
the cylinder head w'a's made v-se of. This gave entirely 
sati sf a.ctory results. The high voltage current, after it 
had le.aped the ignition gap and ignited the mixture, had 
in part passed through the oscillo^graph connections and 
gave on.' the oscillogram a sharp impres^^ion of the'instant 
of ignition, .The H.L.G, Liliput plug Ho. "267 functioned 
throughout the investigation without influence on other 
parts of the explosion record, 

' Procedu r e and results ,-. The influence of mixture ra- 
tios, "of engine speed, of turbulence, of compression ratio 
and of fuel composition on combustion velocity, were de- 
termined uhder-rarious working conditions of the engine, 
Measurements of the effect of compression r-atios c = 5:1 
.at ^1900, 1500, 1000 and 800 r.pom.o as ^vell as compression 
ratio's . 'c = S:l, 5:1, and 4:1 at 1500 rap,m, were carried 
out,, . The above seven sets of records rrere- fiirther car- 
ried oixt with three different .fuels. These 21 series of 
observations covered the entire range, by snort progrefss- 
ive 'S teps , *'f rom the lower to the upper ignition limits of 
the fuels used, Por every mixture Tatip, the .engine- speed 
and fuel-air proportion were measured and the combustion 
velocity de t-ermi.nad, Prom 12 to 15 oscillogramr.records 
were obiainecl in .each case.. In this way an extensive 
.range .of ob.servat'ions on the influence of the above-named 
factor9...on combustion velocity was ' secured, 

Tiie' results' of thi.^ serie,s '6'f experiments are i^epre-- 
.sented'in diagram (fig^'* . 10 to''l6") in such a way that ' the 
combustion velocity for each work cycle is written' over 
the corresponding ratio value of air excess in the charge. 
From these figures it will be seen that the combustion ve- 
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Idciti'es'ffOm ihe oscillograph records sqatter tadly. ?br 
isstaiTc^', in* Figure 10 ' the- velocity for one Work cycle. is 
.-recorded at about TS m/s, " In the cycle immediately fol- 
lowing, for the same conditions and for the same charge* 
it is ahout 25'm/s. Mean values from these result.s which 
'mlglit '"be -of value from some standpoint of the .investiga- 
tion^, "were "not ob'tained, since the scattering shown gives 
a good '-idea of •the- influence of turbulerice on. combusticn 
r'ate as represented on the oscillogram. Besides, a .f ew:er 
•representations of velocity positions in the figures could 
.'easily lead to* wrong conclusions. ' But in spito of pro-." 
nbunced sb'attering Jigurbs 10 to IS show that all points 
lie within rather well'-dof ined limits designated in the. 
figures by limiting curves. ■ . " ' > .- 

: • • * FACTOSS IH^LUEilCnTG COMBUSTION TELOCITY *' 

Mi X t u r e r at i o s . - Since in all of the 21 series of ob- 
servations made the mixture ratios of the charges record- 
'^d varied between the lower and upper ignition limits, 
the ' records so obtained provide a good basis for estimat- 
ing the effect of mixture ratio on combustion velocity.' 
All the results obtained in" this series of observations 
agroe in following a curve resembling a parabola that has 
Its apex on the figure between the values v = .85 and 
{?' =' .SOi'* "that is, for a fiiel excess .between 10 and 15 per 
cent. ' This parabola-like curve expresses then the influ- 
ence* of mixture ratio on combustion velocity. . This effect 
Is profound; small changes in mixture ratios produce wide 
differences in combustion rate. All the diagrams ' show the 
weir-known sharp falling off in rate with mixture-s poor in 
fuel content. With aiip excess ratios from u = #6 to 
u = 1.2 the enclosing curves of the figures may be cal- 
culated with fair .approximation to their abscissas and 
show then the same ignition limits as already obtained by 
closed bomb methods.. 

The profound inf luence . exert ed oii combustion velocity 
by the mixture ratio may be interpreted somewhat as fol- 
lows: The combustion velocity in an' engine reaches its 
maximum for thd most fa.vorable mixture' ratio. With the 
fuels used and with fuel-air mixtures this occurs for an 
air excess i*atio between y = .85 and v = .90. Ajiy 
change in this mixture ratio * value decreases the number 
of 'reacting molecules and thereby the temperature and en- 
'ergy liberate'di' . Moreover, with anf excess of fuel present, 
• endothefmic 'side reactions may occur that still further 
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lower the reaction energy, temperature and energy of a.c- 
tivation,- " The f feet- of: ail this is -to- decrease the. ve- 
To'city of combustion:;'.: T/o tjiese- f aotorS: must' .."be added also 
the unturned fuel; it -must bO; heat-.ed,r which- requires a 
further^ d:'ecrease**'ln; avai.la"b.le .energy 

•* A lack -of fuel in the mixture ratio likewise results 
in a decrease of .combustion' velocity due. to .a decrease in 
" the numVer of reacting molecules and .to energy withdrawn 
for the heating up. of inert .components.. -It .would seem, 
also that the energy transport from one fuel molecule to 
another may be reduced due to. the- bad haat •cond-g.c.t iyi ty 
of the air content of the mixture. If so,, ignition would 
thereby be ' retarded. ■ This appea^rs to be the case in. great- 
er degree "for -all benzol-air mixtures than for benzine.** " " 
air mixtures. *• 

This view, however, is not in agreement with, the,", ex- 
perimental' results of Stevens, that indicate that,undc^f * 
conditions- of * constant pressure, the heat conductivity" of 
the gaseous mixtures are without influence on. the rate of 
combustion. Results described in the following paragraphs 
dealing with the influence of different fuels on combus- 
tion velocity (compression ratio, presence of inert gases, 
preheating by contact with- hot .cylinder wall s.,. etc. ) show 
indirectly that the effect of heat conductivity .on. combus- 
tion velocity must be very small. It seems, established 
that so far as their use in engines is concerne^d, that ig- 
nition limits are somewhat smaller in the case of behzol- 
air mixture's" than in. benzine-air mixtur.e.s, ' This might 
lend some weight to. the first viewpoint offered above. A 
definite conclusion however , cannot be- drawn from the re- 
sults of the present; investigation- with a working engine.. 

. Tu rbul ence.- The possibility of changing the degree 
of turbulence in a mixture ratio introduced into the . cyl- 
inder of a working engine seemed possible of realization 
by changing, at full throttle, the engine's .ispeed; for, 
by so doing the intake period., and with open, throttle , the 
charge for one filling stroke would remain practically 
constant, while the intake velocity would change, thus 
changing the degree of turbulence in the cylinder., " * Thi s 
feature of the investigation was so carried out that at 
ojpen- throttle, constant compressioAi .r atio.., ' '.. € = 5:1 ai^d 
constant spark advance, at 34^, the., load . and*, speed of the 
• engine were varied by steps betwaen 1900 and 800 r. p. in. 

As unit of ref ereace by ■ which, to. expr.e.ss . ,t^ 
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of turbulence, the average velocity of the entering charge 
at the intake value was chosen. Turbulence in the cylin- 
der is a. function also of the period "between the -inflow 
of the charge and its igniti.on. This period,- however, is 
.small relative to" engine speed. To he very accur'ate, it 
must "be taken into acfcount that the turbulence depends; 
not on the average rate of inflow, but on its instant rate. 
This value changes with the diameter of the intake opening 
as well as with the .speed of piston movement, 

Figures 1.0 to 'lA give the results of the observations 
made of the effect of' turbulence on combustion velocity. 
If average values from these diagrams are compared, it 
will be seen that increasing turbulence corresponds to in- 
creased intake velocity. The mean combustion velocity in- 
creases with increased turbulence*. It increases from 14 
to 21 (v = -SS) when the intake velocity is increased 
from 20 to 30 m/s. These values exceed those found by 
closed bomb methods without turbulence- by about 2 'm/s at 
;:iost. Figure 17 shows that mean combustion velocity inv. . 
creases very nearly linearly with increased int ake -veloc-i- 
ity, . • I 

Figures 10 to 14 show further that the scattering in 
combustion velocity values increases with increased intake 
velocity. For example, it increases from 6 to 12 m/s when 
the intake velocity increases from 20 to 30 m/s. The di-- 
agrams that show the least scattering are those 6f low 
combustion and low intake velocities. The following may 
be offered by way of explanation to account for the marked 
scattering of combustion velocity values at different in- 
take velocities. Turbulence in an engine cylinder is en- 
tirely haphazard. In consequence the advance of the flame 
front in the' cylinder is always some component of the di- 
rection of the .turbulent motion, which may have the effect 
of increasing or decreasing the advance of the flame front 
in. the cylinder. . Since the velocity of turbulence is al- 
ways much greater than the combustion velocity, these up- 
per and lower combustion velocity values ma.y lie wide 
apart. Somewhere between these limiting values all other 
velocity values must lie. The difference in the widths, 
of the scatter-value zones may be accounted for by the 
difference in engine speeds corresponding to the differ- 
ent turbulence values. 

Some examples may be given: Figure 10 at ±6 m/s tur- 
bulence velocity, gives a combustion velocity of 21 m/s;. 
Figure 11 .at ±4.5 m/s turbulence velocity, a combustion 
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veloci ty of 19 m/s Eigure 1*2 at ±3ir 75 m/s turbulence ve-. 
loclty, a combustion -velocity ■ of 14 m/s; and Figure 14 at 
is *m/s, ' a cdmoustion velocity of . 22*5 m/s. These values' 
ref)rese-nt the relation between degree of turbulence as es- 
timated and combustion velocity. (See fig. 18.) .The dom- 
inating effect of • turbulence is not apparent in these re-- 
suits". •. . 

In passing judgment on the results here presented, it 
must bo borne in mind that they are obtained directly from 
a working engine axid that the limiting, curves- approximate- 
ly outlining the region of scat tering.combustipn . velocity 
values from which turbulence values werQ drawn is, at best 
only an a.ppro:Jtimati on. This may differ-widely from actual 
values, since it may notbo known ' whether- or not,, between 
the two limits given, the turbulence was always, in one di- 
rection. Curves drawn reducing, the-limits of variation 
would reduce the accuracy of the m^asurGments given. It 
• would seem that the dovia-tibns cannot be very , great since 
they- agree fairly well with .tho se • obtained by Endres from 
engine investigations. Those obtained by him from the ■ ex*- 
periments of Hintz on the velocity of turbulence give for 
the highest engine speeds ±5 to ±6 m/s. 

The further question aripes as to whether or not the 
difference observedin combustion velocity (for- example , 
in fig. 12 it amounts to 12 m/s.) is really due to the in- 
fluence- of turbulence alone. A tiine-p;*.e s sure record was 
obtained synchronously ' with, .that of the combustion veloc- 
ity record, A comparison of the two shewed that the time- 
pressure record remained constant while the combustion ve- 
locity record obtained at the same time shor/od great vari- 
ations. It was not probable that- these variations were ■- 
due to changes in temperature or to differences in mixture 
ratios, since in that case corresponding differences would 
occur in the time-pressure record alsoo It seems the more 
probable ■ therefore that the scattering in combustion ve- • 
locity records is to be. attributed to the effect of tur- 
bulence. : . ■ . • 

The records obtained in this line, of the, investiga- 
tion offer evidence as to what .degree the- intake velocity 
may ^serve as a unit of reference in expr e ssin.g . the ^degr ee 
0 f ■ tiirbul eiic e ; Fi gur e 1 9 show s no r e.al .pr.oppr t i onaLi ty t o 
exist". • Rather*,* the figure, shows equality,; the -agreement 
between the two being very close. It is the closest over 
the shortest measuring distances. 
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Witli increase, of engine speed;, intake velocity as well 
as- combustion velocity , increases. The limit of this in- 
crease: would evidently be reachjed when intake velocity 
reaches tiie velocity of sound,. In its present form this 
limit could not be reached without great loss to the en- 
gine^ s. yolume.trip efficiency, ' On the other hand, by the 
use of explosive charges the required pressure ratio might 
be obtained. Also in the case of engines furnished with 
Compression pistons, turbulence velocities even above 
the velocity of sound could be reached, 

' In practice .the velocity of combustion as well as de- 
gree of turbulence is determined by the limiting speed "at 
which the • engine runs smoothly, - If the combustion veloc- 
ity becomes too great, then the rate'of energy transfor- 
mation becomes so high that "knocking" develops, result- 
ing in too rapid pressure increase. These limitations to 
turbulence do not occur when combustion and energy ■ trans- 
formation in the engine are independent of each other, as 
for' instance, in the g.as turbine or where the working flu- 
id: of the -engine is separately . heat ed. Otherwise the re- 
lation toe t-ween power outjDut of the engine and turbulence 
are very close* 

* A schematic, figure illustrating, the intimate relation 
betw'een combustion- velocity , ! mixture ratios and turbulence 
is given in Figure 20, In this figure, along with a lim-. 
iting value obtained .by Ileumann in. a closed spherical bomb 
with no turbulence,, there are represented tlie values" ob-- 
•tained in the present investigation. There is represent- 
ed in the figure the relation between turbulence and com- 
bustion velocity over the entire range from the lowest to 
the highest velocities obtained with the working engine, 
IJeumann^s value, although obtained from a closed bomb and 
with benzine-air as fuel, nevertheless fits very well in 
this .'series of other values, .... 

The lower and upper enclosing curves in Figures 10 to 
15 were extended to the abscissas. They all give with the 
line joining their maximum values, the value v =• ,85, 
The entire figure gives a. clear * conception as to how mix- 
ture ratio s combustion velocities and turbulence are re- 
lated in a working engine. Without including ileumann » s 
value, the width of the ttirbulence bands, and with it com- 
bustion velocities increase very, nearly linearly. Only 
for the highes.t intake velocitie.s. are deviations shown. 
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Comp res sion rati o The single-cylinder •experimental 
engine made use. of in investigating the 'effect of com- 
pression, ratios on. combustion velocity, ?ras' provided with 
a device whereby the ratio could he changed. Observations 
with this engine included compression ratios" 4:1, 5:1, 
and 6:1 while other conditions of engine operation, open 
throttle, fuel, spark advance a,nd engine speed rema.ined 
unchanged. 3y this arrangement only the final" pressure 
and temperature of the . compr.e s si on were changed. • Since 
at. .higher., compression, the fueis, "benzine and' h.enssine- 
bGn:Zolrair. mixtures, had ' a tendency; to J'knock" hadly.^ the 
f uei . 'D0.nz,jol only was used. ' ' 

Figiires' ipV IS .'and 16 contain the* cb'mpression ratio 
•results... ;• CoiJihusti.oh "velocities increased "by increasing 
the compression ratio from 4:1 to 5:1, from 19 to 21. 
m/s; and from 5:1 to' 6:1, "from" 21 to 22 m/s. The 
small increase noted may he attributed to a small change 
in turbulence or to the reduced, volume of the compression 
chamber and resulting increased final temperature. The 
difference, when scattering is considered, is very small - 
of about the. same order as the change in energy oxitput of 
the engine. :?igif3re ^ would therefore • be imperceptibly 
altereci from, the e^febt of a change in co'nipressi dn ratio. 

Kind . of . f •g.el used.>^ The fuels used in the investiga- 
tion were benzene ,. benzol , and a mixture 1:1, oi them 

,brith. .. The rpsxilts obtained with these throe l:inds of fuel 
differed very little. That seemed to be what might bo ex- 
pected from the combustion characteristics of benzine. It 
has a lower boiling point than benzol and gives a higher 
combustion temperature. Its ignition tcinperature is lower 
than • benzol • The heat , of reaction of tho two fuels is the 
same.. Counter to. thi s i s the retarding, inf luence of the 
specific heat of benzine. It is about 20' per . cent great- 
er than that of benzol, For these reasons apj)arently and 
possibly, owing to stronger radiation, its combustion ve- 
locity does npt/ri se above that* of benzol, A conclusive 
proof of this, however, cannot be drawn from the results 

.with the working engine. The investigation with these 
fuels yielde.d .no. new resiilts' outside th-e fact that pres- 
ence of benzina' .somewhat extends the Timits of ignition 
of the... other gas. 

Othe r inf iuen ce s , - in f low pressure, inflow, .tempera- 
ture and spark advance all influence markedly the rate of 
combustion. Intake pressure influences the potential of 
the cylinders^ charge and the combustion temperature. Be- 
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sides these influences the intake ' velocity , influenced "by- 
throttling, affects the turbulence. As air eady ^pointed 
out the intake velocity influehpes only to* a slight de- 
gree the. combustion velocity and that these influences 
derive' principally from form and operation of the engine. 
With. the explosive mixture initially at rest and with com- 
hustion taking place at cpnstaiit pressure ^ Stevens has 
established the. fact that the rate of flame movement is 
independent of pressure^ 

Intake temperature is of significance especially for 
cases where the charge is necessarily* weak in fuel con- 
tent. Incre.^sed intake temperature increases ignition 
limit, and in tiat way allows the use of • fuel combina- 
tions that otherwise would;be unayaila^ble , Limitati-bh to 
the extent that preheating may be carried lie in the fall 
of potential of the charge and in the tendency to "knock » 
in the case of benzine-iair mixtures. 



SUkMAHY 

If it is held in mind that to ignite a fuel molecule, 
a definite activation energy i^s required and that the time 
required for this energy transfer determines the rate of 
transf orrnat ion, then for any fuel there is offered two 
possibilities whereby the rate of transformation may be 
influenced: by influencing the intensity of the energy 
source, and by influencing the period of energy transfer. 

Under these two viewpoints arrange themselves all 
those influences affecting combustion velocity, together 
with the fundamentals on which an explanation of the proc- 
esses . observed, rests. Investigations with closed bombs 
have .shovn that changes in the intensity of the energy of 
the initial source have but little influence on combustion 
rate, while oii the other hand, a shortening of the period 
of activation has a profound influence on combustion rate. 
Restilts of the investigation here presented show the 
marked influence .exerted on the. velocity of combustion by 
turbulence. Whether one favors the older viewpoint con- 
cerning the kinetic energy of the molecule or accepts the 
explanation offered. by the theory of chain reactions, in 
either case the , influenqe of turbulence by - increasing 
flame area, operates. .to accelerate the velocity of combus- 
tion. ...... ^ . 
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These facts would not "be greatly "modified *"by consid- 
ering 'that the VelQ city values given contain also the ve- 
locity ' rate, of 'mole cular transf ormati-oiif Hates., of molec- 
ular— tr an slfoEmatioii are influenced in- exactly the .same way 
as cpmbus'tl'on' veToci ties, namely, "by. temperature" and" tur- 
bulence. It may be justifiable then, as a first approxi- 
mation, to consider combustion velocity' to depend direct- 
ly on • the : rate of transfer of the,., energy of activation, 

Pi: om the standpoint of molecular transformation the 
results here given would apply to combustion chambers on*- 
ly of cylindrical forin with ignition at the side as shown 
in rigure 1, They do' hot apply, to cylinders with sta- 
tionary valves, as' in the Ricardo form. They do provide, 
however, the basis of. understanding of the prpcesse.s oc- 
curring in" those forms of container si * " 

Translation by Fc W. StevenSj ■ /. • 

Bur ea-q, of . Standards , «' ' 

Washington, D. C, March 30, 1932. 
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Fig. 2 Oscillogram for determining combustion velocity. a', ignition 

current. b',c' and d' , ionization currents, e, time record, 
a, ignition point. b,c and d, instants of flame arrivals. 




Fig. 4 Recording outfit. 
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Fig.3 Oscillogram for determining combustion velocity(direct current method). 

Abo7eyl600 r.p.m. ,below>930 f.p.m. a, ignition current, b, ionization 
current, c, time record. A, ignition point. instant of flame arrival. 




Fig. 6 Oscillogram for determining combustion velocity (alternating current 
method). Above, 4-cycle engine 1275 r.p.m. Below, 2-cycle engine, 4180 
r.p.m. a, ignition ctirrent. b, ionization current* c, time record. A, ignition 
instant, B, instant of flame arrival. 
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Fig. 14 
Series 5 
Benzol, 
e = 5:1 
1900 r.p.m. 
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Series 2 
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e = 5:1 
1300 r.p.m. 



ml i 



.5 .6 .7 .8 .9 1.0 1.1 1.2 

Air excess ratio, u 



30 
25 

20 

3 

15 

10 
5 
0 





oco 


o ^ 


































X 
































• Corr 


bust: 


.on V 


9loci 


ty 






oini 


ake ^ 


reloc 


ity 










Pig. 15 
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Figs. 12,13,16 
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Fig. 12 Series 3 Benzol, e= 5 :'l 1000 r.p.m. 
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